Interaction of cells with extracellular matrix (ECM) regulates cell shape, differentiation and polarity. This effect has been widely observed in cells grown on substrates with various patterned features, stiffness and surface chemistry. It has been postulated that mechanical confinement of cells by the substrate causes a redistribution of tension in cytoskeletal proteins resulting in cytoskeletal reorganization through force sensitive pathways. However, the mechanisms for force transduction during reorganization remain unclear. In this study, using FRET based force sensors we have measured tension in an actin cross-linking protein, α-actinin, and followed reorganization of actin cytoskeleton in real time in HEK cells grown on patterned substrates. We show that the patterned substrates cause a redistribution of tension in α-actinin that coincides with cytoskeleton reorganization. Higher tension was observed in portions of cells where they form bridges across inhibited regions of the patterned substrates; the attachment to the substrate is found to release tension. Real time measurements of α-actinin tension and F-actin arrangement show that an increase in tension coincides with formation of F-actin bundles at the cell periphery during cell-spreading across inhibited regions, suggesting that mechanical forces stimulate cytoskeleton enhancement. Rho-ROCK inhibitor (Y27632) causes reduction in actinin tension followed by retraction of bridged regions. Our results demonstrate that changes in cell shape and expansion over patterned surfaces is a force sensitive process that requires actomyosin contractile force involving Rho-ROCK pathway.
Introduction
The mechanical interaction and linkages between a cell and the substrate play a critical role in cell morphology, motility, proliferation, and growth (DuFort et al., 2011; Thery et al., 2006b; Xia et al., 2008) . In adherent cells, the mechanical forces from the substrate can be transmitted to the cell body through integrins that link ECM proteins with the cytoskeleton at focal adhesions (Discher et al., 2005; Geiger et al., 2001; Ladoux et al., 2008) . Through this link, the geometry and rigidity of the substrate imposes mechanical constraints on the cytoskeleton, thus regulating cell processes (Hahn and Schwartz, 2009; Ingber, 2003) .
The modification of cell shape by patterned substrates has been widely observed, where cells are selectively attached to patterns made of adhesive proteins using surface patterning techniques (Karuri et al., 2008; Lehnert et al., 2004) . For example, cells grown on triangular patterns have an overall triangular shape; such cells developed thick bundles of stress fibers along the non-adhesive edges suggesting a reinforcement of the cytoskeleton in response to the geometrical constraints (Thery et al., 2006a; . Similarly, cells grown on narrow stripes align themselves along the orientation of the stripes. Substrate geometry also affects cell polarity and provides guidance for cell expansion and migration direction (Jiang et al., 2005; Kumar et al., 2007) . Although these results provide the end-point of cell morphology under a mechanical constraint, only recently the role of internal mechanical forces in cell remodeling has been explored, namely, the process leading to the end point (DuFort et al., 2011; Grashoff et al., 2010; Maruthamuthu et al., 2011) .
The cytoskeleton of adherent cells is prestressed by internally generated forces and this stress is equilibrated by the resistive forces due to the substrate. Imposing physical boundaries to the cells through a patterned substrate can alter the distribution of internal forces, thereby activating force sensitive cellular processes responsible for cell remodeling. It has been reported that a higher contractile force is required for cells to form a bridge across patterned regions where the adhesion is inhibited (Rossier et al., 2010) . Similarly, application of an external mechanical force by cyclically stretching the substrate or by fluid shear stress can also Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/jbiomech www.JBiomech.com modify the rate of actin turnover and arrangement of the actin stress fibers (Tzima, 2006; Verma et al., 2012) . Since both applied mechanical stimuli and geometrical constraints alter the distribution of actin filaments, it is logical to predict that these cellular processes are facilitated by changes in forces in cytoskeletal proteins. Although such a viewpoint has been generally accepted, the internal forces leading to the structural modification in a patterned cell remains to be determined. Previously, various traction force microscopy (TFM) techniques have been used to measure forces exerted by a cell onto the substrate (Tambe et al., 2011; Wang and Lin, 2007) . Tan et al. (Tan et al., 2003) have used arrays of microfabricated polydimethylsiloxane (PDMS) pillars that are compliant to the cellular traction. Another sensing method utilizes fluorescent nanobeads as markers that are imbedded in flexible substrates (Sabass et al., 2008; Schwarz et al., 2003) . To make organized adhesions, fluorescently labeled protein dots were directly printed on the surface of the flexible substrates (Polio et al., 2012) . These methods measure the net force arising from the sum total of all the actin filaments that are linked to the adhesion. Since the number of filaments is difficult to quantify and it also varies with time, the forces in linking proteins cannot be measured with TFM. Recently, we have developed a series of FRET based force sensors that can be genetically inserted in specific cytoskeleton cross-linking proteins that allows us to measure the changes in tension induced by external or internal forces Meng et al., 2008) . Similar techniques were later developed by others (Borghi et al., 2012; Grashoff et al., 2010) . The FRET sensor provides the true measure of stresses in the linking proteins. Moreover, the FRET-based technique enables non-contact measurements of intracellular tension, thereby opening the possibility to independently vary the mechanical properties of the substrate.
In this study we have measured tension in cytoskeletal crosslinking protein α-actinin using FRET based force sensors in Human Embryonic Kidney (HEK) cells. Cells were subjected to a variety of well defined mechanical constraints imposed by patterned substrates. Results show that the substrate features cause a redistribution of tension in α-actinin and reorganization of the actin cytoskeleton. We show that an increase in tension is required for the formation of peripheral actin bundles where cells form bridges across inhibited regions of the patterned substrate suggesting that changes in cytoskeletal tension are involved in cytoskeleton reorganization; this process is mediated by Myosin-II contractility.
Materials and methods

Micro-contact printing
A standard microprinting method was used to pattern the extracellular matrix protein fibronectin on cover slide substrates. Briefly, a PDMS stamp was created using an SU-8 mold following previously developed processes (Wang et al., 2010) . The stamp was exposed to 50 mg/ml fibronectin (an adhesive protein) in water for 1 h to coat the proteins onto its surface. Separately, a glass substrate was silanized with 5% dichlorodimethylsilane in 1,2-dichlorobenzene solution for 10 s, followed by exposure to UV light for 10 min, which modifies the wettability of the silanized surface. The fibronectin coated PDMS stamp was then brought into physical contact with the glass substrate, printing the fibronectin pattern onto the substrate. To prevent non-selective cell adhesion on non-patterned regions, the patterned glass slide was subsequently immersed into a blocking reagent (0.2% Pluronics F-127) for 1 h.
Actinin-sstFRET sensor
The FRET based force probe sstFRET (spectrin-repeat stress sensitive FRET), consists of a pair of fluorophores, Cerulean (donor) and Venus (acceptor), that are linked by a spectrin repeat domain (linker); the sensor construction has been described previously Meng et al., 2008) . The sensor cassette is inserted into the middle of the host protein, α-actinin, at amino acid position 300, and is termed as 'actinin-sstFRET'. Under an axial force the distance between the donor and acceptor is extended, leading to a decrease in FRET efficiency, and thus, an overall decrease in the measured FRET acceptor/donor (A/D) ratio. Previously, the probes have been carefully characterized so that the chimeric constructs behave as endogenous proteins (e.g., α-actinin) and the labeling does not interfere with physiological functions of the cell . The sensitivity of the sensor has also previously been determined in vitro by attaching the sensor to a deformable substrate and stretching the substrate, and in vivo in many cell types including HEK, MDCK, and fibroblast (Meng et al., 2008) . A control probe has been constructed by attaching the sstFRET cassette to the C-terminal of α-actinin with one end attached to α-actinin and another end being free-floating, and is termed 'actinin-C-sstFRET'. We have previously shown experimentally that actinin-C-sstFRET probes are insensitive to forces in actinin .
FRET imaging and image analysis
Fluorescence images were obtained using an inverted microscope (Axiovert 200 M, Zeiss) with a 63x oil immersion objective and an EM-CCD camera (ImagEM C9100-13, Hamamatsu). Donor and acceptor channels were acquired simultaneously using a dualview optical system (Optical Insights, USA). The excitation filter set includes a bandpass filter (CFP: 436 7 20 nm) and a dichroic mirror (455 DCLP); the emission filter set includes two emission filters (480 730 nm and 535740 nm) for CFP and YFP channels respectively, and a dichroic mirror (505 DCXR). Time-lapse movies were obtained using Zeiss software (AxioVision, Ziess). The images from CFP and YFP channels were aligned and the ratio of YFP/CFP was calculated using Image-J (from NIH). The bleed-through from CFP to YFP was calibrated prior to experiments and was subtracted during image processing (Meng et al., 2008; Xia and Liu, 2001 ). The FRET ratio (YFP/CFP) is shown in a 16 color map, where warm colors illustrate a higher FRET ratio, indicating lower tension; cool colors indicate a lower FRET ratio, i.e., a higher tension. For time dependent measurements, the image acquisitions were started at 2 h after seeding. Each measurement was conducted using a new cell culture. To obtain reliable intracellular force distribution, images were taken after cells had fully spread on the patterned area in 3 h. For statistical analysis, the lowest tension state (highest FRET ratio) from each cell was averaged over the entire cell population, and the averaged value was used as a reference for the lowest tension state for all cells. This enables us to minimize FRET signal variations from cell to cell. The FRET ratio in each subcellular region was measured for each cell and then averaged over multiple cells. Statistical data is expressed as means 7stan-dard error of the means (s.e.m.), and was analyzed using Paired sample t-test. Values of p o0.05 were considered statistically significant.
Cell culture and transfection
HEK293 cells (ATCC) were cultured in Dulbecco's Modified Eagle Medium (DMEM) containing fetal bovine serum and 1% penicillin and streptomycin. Cells were transfected 24 h before the experiments with actinin-sstFRET or actinin-C-sstFRET using Effectene Transfection Reagent (Qiagen, CA) following manufacturer's specifications. Transfection efficiency was 40%. The transfected cells were trypsinized and seeded onto the patterned substrates and cultured at 37˚C for 2 h. Unattached cells were gently washed away using PBS before imaging.
Results
To understand the role of cytoskeletal forces in cell spreading and morphology, we expressed the FRET based force sensor, actinin-sstFRET, in patterned cells, and observed changes in actinin stress during cell spreading (Fig. 1a) . The sensor is located in the middle of α-actinin, as shown in Fig. 1b . In the relaxed state FRET is maximal since the donor and acceptor are closer. Under a stretching force, the distance between the two fluorophores increases and FRET ratio decreases (Fig. 1b) . For control, the force insensitive variant of FRET probe, actinin-C-sstFRET, was used ( Fig. 1c) . By expressing actinin-sstFRET in cells and subsequently staining F-actin with phalloidin, we have previously shown that actinin-sstFRET and F-actin co-localize along the actin filaments in cells (Rahimzadeh et al., 2011) . Thus, actinin-sstFRET (CFP channel) probes can also be used as labels for F-actin to monitor the cytoskeleton reorganization in live cells.
We first examined the shape and distribution of the actin cytoskeleton in cells grown on various patterns using actininsstFRET. The patterns consisted of parallel stripes (6 mm wide and 10 mm apart), T-shape (6 mm wide and 30 mm long along both directions), and hexagon (30 mm between any two parallel edges of the hexagon), as shown in Fig. 2 , left column. These patterns are designed to host a single cell and provide geometrical constraints upon directional expansion (Stripes), forced bridging across nonadhesive areas (T-shape), and uniform growth as a control (Hexagon). The spatial arrangement of actin cytoskeleton was monitored using actinin-sstFRET (CFP channel) in live cells (Fig. 2 , middle column), and results show that cells are able to adhere, spread, and reorganize their cytoskeleton on the patterned substrates within 2 h. This effect of the pattern geometry on actin cytoskeleton and cell morphology can be observed for periods up to 12 h. Following live cell imaging, cells were fixed and stained with fluorescein-phalloidin to obtain F-actin structure at high resolution, as shown in Fig. 2 , right column.
Cells respond to substrate confinement through reorganization of the cytoskeleton and changes in their shape. On narrow stripes, cells expanded along the length and ballooned out along the stripe width forcing the cell to partially float over the inhibited surface at the central region of the cell. On T-shape pattern, cells spread along all three arms and bridge across the inhibited regions to form a triangular shape. A higher density of stress fibers were formed at the edge of such bridged regions, consistent with previous observations in other cell types (Thery et al., 2006a) . In contrast, cells on hexagon patterns show a distribution of fibers within the patterned regions. Cells frequently exhibited lamellipodia extrusions beyond the patterned regions, and retracted back towards the patterned region due to the non-adhesive condition (see supplementary material, Fig. S1 ). A similar cell activity has been observed in all patterns. Cells spread through a process involving increase of contractile forces, initiation of new adhesions, and enlargement of focal adhesion size (Giannone et al., 2007) . When cells reached the boundaries of the pattern, a new adhesion is not able to form even though the lamellipodium can reach out of the patterned region. Such a limit may send a feedback signal to modulate the myosin contractility, and further affect downstream cytoskeletal reorganization that is initiated by focal adhesion proteins.
To obtain a statistical representation of the internal force distribution on patterned cells, we measured the tension in actinin using actinin-sstFRET sensors when the cells had fully spread onto the patterns. The typical fluorescent images (CFP channel) and the corresponding FRET ratio of a cell stabilized on the patterns are shown in Fig. 3a-c and Fig. 3d-f , respectively. Cells demonstrated a distinctive distribution of tension on each pattern. On rectangular patterns, cells show a higher tension (lower FRET ratio) in the central region that often extends and bulges outside the patterned area, and lower tension at the elongated regions of the cell attached to the pattern (Fig. 3a,d ). This result suggests that the tension is reduced due to cell attachment. On T-shaped patterns, cells spread out along all three ends to form a triangle (Fig. 3b) . Higher tension is seen at the bridged regions where the adhesion is prohibited, Fig. 3e ; lower tension was observed at the attached regions (Fig. 3b,e) . In contrast, cells on hexagonal patterns demonstrate a random distribution of tension when the cell spreads and adheres to the patterned area (Fig. 3c,f) . The statistics of FRET ratio in each region are shown in Fig. 3g -i, for stripes (n¼ 9), T-shape (n ¼15), and hexagons (n ¼9), respectively. Statistical analysis shows that tension at the bridged regions of the cell on a T-shaped pattern (left gray bar in Fig. 3h ) is significantly higher than at the attached regions (left red bar in Fig. 3h ). This suggests that higher actinin tension is required for a cell across an inhibited region while enhanced forces are not necessary to maintain the mature adhesion regions within the pattern. As a control, actinin-C-sstFRET expressing cells were also grown on the patterns, and the FRET ratio in actinin-C-sstFRET was measured using the same protocol. Actinin-C-sstFRET expressing cells showed a consistently higher FRET ratio (lower tension) in all regions (stripes, n ¼16; T-shape, n ¼15; hexagon, n ¼15). This is expected since actinin-CsstFRET probe cannot be stressed by the cells. Additionally, larger variation in tension among different areas was normally seen at the beginning of cell attachment, followed by a reduction in average tension during the extended attachment on the patterns. A higher actinin tension is probably required only during spreading and migration.
To examine the role of tension in cell remodeling, we analyzed the time dependent FRET ratio in bridged and central regions during the cell spreading process on T-shaped patterns. It was found that actinin tension increases in the bridged regions and this b: Construction of actinin-sstFRET. Stress sensor cassette, consisting of Cerulean, donor, Venus, acceptor and a linker, that is located at amino acid 300, close to the middle of actinin. Resting sensor shows higher FRET. Under axial force (F) the distance between donor and acceptor is extended leading to lower FRET (higher tension). c: Construction of force-free variant probe, actinin-C-sstFRET. The FRET pair is linked to the C-terminal of actinin, thus, is not able to sense actinin tension. increase in tension is accompanied by the formation of F-actin bundles across the inhibited surface. A time sequence of actinin-FRET images (CFP channel) and corresponding FRET ratio from a representative cell is shown in Fig. 4a,b , respectively, during the cell spreading. A concave edge was observed initially between two adhesive arms (blue arrow, in Fig. 4a, t¼ 0) , and the connection expanded outwards resulting in thick bundles of actin filaments at the suspended edges (yellow arrow, in Fig. 4a, t ¼30 min) . The FRET ratio decreases in these regions, indicating that an increase in tension is associated with cell expansion over the inhibited region (Fig. 4b) . In contrast, although the formation of F-actin bundles in the bridged regions is also shown in actinin-C-sstFRET expressing cell (Fig. 4c) , the FRET ratio remains unchanged in this cell (Fig. 4d) . Time dependence of FRET ratio from selected regions is plotted in Fig. 4e ,f for actinin-sstFRET and actinin-C-sstFRET, respectively, showing that a drastic increase in tension occurs between 0 and 11 min for bridge B2 and between 0 and 6 min for bridge B1, respectively, followed by an approach to a steady tension level in the actinin-sstFRET expressing cell (Fig. 4e) . Change in tension in the bridged regions before and after cell spreading was analyzed from multiple cells (n ¼15), and the statistics is shown in Fig. 4g , left column. A frame-by-frame comparison between actin reorganization and change in regional tension further reveals that the maximal stress changes occur prior to the development of F-actin bundles at the edge of the bridged region that appears to start at 18 min in Fig. 4a ;
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Actinin-FRET (CFP) F-actin it suggests that mechanical forces could be responsible for the assembly and enhancement of F-actin seen in the bridged regions. The increase in tension is also observed in the attached edges but to a lesser extent, resulting in a relatively lower tension at the steady state (Fig. 4e) . Since RhoA and ROCK are known to regulate adhesion dynamics, actin orientation and organization, we tested whether Rho-regulated myosin-II contraction force plays a role in guided cell growth on the patterns. Cells on T-shaped patterns were exposed to ROCK inhibitor (Y27632) after they were fully spread and no longer exhibited morphological changes. Time sequence of actin cytoskeletal structure in typical actinin-sstFRET and actinin-C-FRET expressing cells are shown in Fig. 5a and b, respectively. It shows that blocking Rho-ROCK with 10 mM Y27632 causes a retraction of cell from bridged regions towards the adhesive regions within 30 min (Fig. 5a) , and this retraction coincides with 1.12 1.14 1.16
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a reduction in tension (increase in FRET ratio) in bridged regions, as measured using actinin-sstFRET (Fig. 5c ). This reduction in tension is also seen in the attached region but to a lesser extent because lower tension is present in those regions before the application of the drug. The forces from different regions approach the same level in 30 min in the presence of the drug (Fig. 5c ). Similar structural changes were observed in cells expressing actinin-C-sstFRET, however, there was no noticeable change in FRET ratio in all of the selected regions (Fig. 5d) . The drug effect was found to be reversible. Following the washout, the bridged regions regained higher tension (low FRET) accompanied by extension of cell edges to re-form a triangular shape. This behavior was consistent over repeated experiments. The statistics for cells before and after drug treatment is shown in Fig. 5e (red) . In contrast, FRET ratio in actinin-C-sstFRET is consistently higher in all regions (green, Fig. 5e ). This suggests that regions spanning across the inhibited areas are highly stressed and myosin-II mediated contraction is accountable for the measured tension.
Discussion
Adherent cells experience a variety of extra-cellular forces through their contacts with the substrate, which affect their stress state and subsequent activities. A growing body of evidence supports that cells recognize and respond to variations in substrate geometry through mechanosensitive pathways that trigger the assembly and disassembly of actin cytoskeleton. In this work, forces in α-actinin have been measured in real-time using FRET, in cells on patterned substrates. The FRET measurement takes the ratio of YFP and CFP fluorescence intensities, making the measurement independent of the protein density; therefore, it is a true measure of the stress in the cross-linking protein (α-actinin). Our results show that the increase in actinin tension only occurs when cells spread on the patterned substrate, which results in the formation of actin bundles across inhibited regions.
Since we measure the mean value of fluorescence from hundreds to thousands of proteins (within resolution of optical microscopy), the tension in linking proteins is a reasonable indicator of the local tension in actin cytoskeleton. For instance, although α-actinin can crosslink actin at all orientations in an actin bundle, histograms have shown that the crosslinks occur at preferential angles, namely, at 0, 60, 90, 120, and 180 degrees (Hampton et al., 2007) . While 25% of the crosslinks are oriented between 80 and 100 degrees (showing a ladder like configuration), more than 75% are oriented at r 60 degrees orZ 120 degrees. Thus, a uniaxial tension along actin filaments will cause an increase in actinin tension in our measurements. Moreover, a differential movement or shear between adjacent filaments will also cause an increase in tension in actinin. We have also previously shown that actinin-sstFRET and F-actin co-localize along the actin cytoskeleton in cells. Therefore, the FRET probes can be used as label for F-actin to monitor actin translocation, as well as a quantitative method of measuring forces within the cytoskeletal structure in real time.
Using our method, we have examined cell behavior on three patterns, T-shape, narrow stripes and hexagons, all hosting a single cell. Our results show that higher tension is associated with bridging regions that cross over the inhibited areas, specifically, the bridges across extended arms on a T-shaped pattern and the central regions that bulge out of the adhesive surface of stripes (Fig. 3) . This result differs from TFM measurements that show greatest traction force occurring at cell periphery. The FRET sensor measures tension in individual protein (α-actinin), whereas TFM measures the net force arising from the sum total of all the actin filaments that are linked to the adhesion. Since the number of actin filaments varies with time, the forces in linking proteins for each filament cannot be quantified by TFM. For instance, FRET sensors report forces in the range of 2-10 pN, the tension in actinin ; typical traction forces are on the order of 10-60 nN (Tan et al., 2003) . Our results show that force in actinin increases prior to and during cell spread-out across the bridging regions, suggesting mechanical forces are responsible for the formation of thick bundles of actin filaments.
The increased force in actinin during cell locomotion is dynamically linked with focal adhesion development. We have recently shown that an increase in tension in α-actinin at the focal adhesion occurs during adhesion growth in migrating (nonpatterned) cells (Ye et al., 2014) . When the adhesion reaches its stable size, tension is reduced to a level comparable with the surrounding areas (Ye et al., 2014) . Similar changes in contractile force have been obtained using TFM (Stricker et al., 2011) . On the pattern, actinin tension increases when the cell bridges across the non-adhering regions. When a cell is limited by the pattern, the adhesions on the patterned surface reached a saturated size resulting in reduced tension and a more stable force distribution. Our results provide evidence that increase in cytoskeletal tension is required only during spreading and migration. Interestingly, these cells demonstrated an active reach-out lamellipodium associated with variation in force at the pattern boundaries. There is no net increase in tension at the protrusions when adhesion is prohibited by the pattern. This result also provides evidence that a cell utilizes the substrate geometry as one of the signaling pathways to modulate the tension in proteins, resulting in assembly or disassembly of cytoskeleton.
To determine the participation of Rho-ROCK pathways in the observed actin enhancement at the bridged regions, we blocked the pathway using ROCK inhibitor Y27632. The drug effectively reduced the contraction forces in 5 min, followed by a reduction in actin density at the bridged regions. This effect is reversible, and recovery of both forces and actin density is observed in 30 min after washout (data not shown). These results support the argument that bridge formation in cells grown on patterns is mediated by Rho-ROCK pathways (Rossier et al., 2010) . Our results also suggest that a shear between the adjacent actin filaments may occur due to myosin generated sliding, resulting in a higher tension in α-actinin in the bridged or bulged regions.
In conclusion, using FRET based force sensors we have demonstrated a novel method for measuring forces in proteins during cell's adaptation on patterned substrates. Results show an increase in actinin tension when cells extend over the non-adhesive regions, resulting in formation of thick actin bundles. This force generation and cytoskeleton enhancement requires the activation of Rho-ROCK pathways.
